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Sutntnary 
Application of Photothermal Methods for Environmental Studies: 
Copper Corrosion Layer (Patina) 
This paper describes the results of the application of modern nondestructive photothermal 
and photoacoustic methods to study one of the important environmental samples - copper 
protective corrosion layer (patina). Two different experimental techniques were used for 
these purposes: the photothermal beam deflection (PBD) method and Fourier transform 
infrared photoacoustic spectroscopy (FT -IR PAS). 
A new photothermal approach in the sturlies of patinated copper layers was 
proposed. A noncontact and nondestructive PBD method was used for the 
characterization of thermal properties of patinated copper samples from the roof of the 
Stockholm City Hall. Quantitative measurements ofthermal ditfusivity and layer thickness 
performed on both the outdoor and indoor sides of patinated samples show a significant 
difference in their thermal properties. Photothermal images obtained for both sides of 
patinated samples were used for the analysis of patina layer surface morphology and the 
microstructure of includings. 
The FT-IR PAS has proved to be a useful tool for nondestructive testing of the 
patina. By using this method we have identified about 10 different patina components 
including some new components such as copper (II) fluoride CuF2xH20 which have been 
not detected previously in the patina. The depth profiling capability of the FT-IR PAS 
method allowed us to determine the degree of photoacoustic saturation of the spectral 
bands and the depth distribution of the patina components. A new power index method 
was proposed for these purposes. 
Based on the results obtained we concluded that photothermal methods are very 
useful experimental techniques allowing to obtain important quantitative information in 
such studies. These methods thus compare favourably with more common approaches of 
environmental samples examination which are usually more expensive, destructive and 
require special sample preparation. 
ZusainiDenfassung 
Anwendung von Photothermischen Methoden für 
Umweltuntersuchungen: Korrosionsschicht von Kupfer (Patina) 
Diese Arbeit beschreibt die Ergebnisse über die Anwendung der modernen 
zerstörungsfreien photothermischen und photoakustischen Methoden auf ein 
umweltrelevantes Beispiel- die schützende Korrosionsschicht von Kupfer (Patina) 
Zu diesem Zweck wurden zwei experimentell unterschiedliche Methoden 
verwendet: die photothermische Ablenkungsspektroskopie ( engl. photothermal beam 
deflection (PBD)) und Fourier-Transform-Infrarot-Photoakustische-Spektroskopie (FT-
IR PAS). 
Eine neue photothermische Methode zur Untersuchung der Korrosionsschichten 
von Kupfer (Patina) wurde vorgestellt. Zur Charakterisierung der thermischen 
Eigenschaften der patinierten Kupferproben vom Dach des Stockholmer Rathauses 
wurden berührungsfreie und zerstörungsfreie Methoden verwendet. Die an der Innenseite 
und Außenseite der verschiedenen Patina-Proben durchgefiihrten quantitativen Messungen 
der thermischen Diffusivität und der Schichtdicke zeigten deutliche Unterschiede in ihren 
thermischen Eigenschaften. Die von beiden Seiten der Patina-Proben erhaltenen 
photothermischen Abbildungen wurden in Bezug auf die Oberflächengestalt der 
Patinaschicht und auf die Mikrostruktur von Einschlüssen untersucht. 
FT -IR PAS hat sich dabei als ein sehr nützliches Instrument fiir zerstörungsfreie 
Untersuchungen der Patina erwiesen. Mit Hilfe dieser Methode konnten wir ca. 10 
verschiedene Bestandteile, einschließlich einiger neuer Verbindungen wie Kupfer(II)-
fluorid CuF2xH20, die zuvor in der Patina nicht nachgewiesen werden konnten, 
identifizieren. Die Tiefendarstellungsmöglichkeit des FT-IR PAS erlaubt es uns einerseits 
den Grad der photoakustischen Durchdringung der Spektralbanden und andererseits die 
Tiefenverteilung der verschiedenen Patina-Bestandteilen zu bestimmen. Für diese Zwecke 
wurde eine neue "power index"- Methode vorgeschlagen. 
AuuoTaquß 
ßpUMeueuue ~OTOTeiUOBLIX MeTO)J,OB B HCCJie)J,OBaBHHßX OKpy:IKaiO~eü 
cpe,LnJt : CJIOH MeJJ,uou Koppo3un (naTnua) 
B Hacronrn.ew pa6are npHBe.l(eHbi peayJlbTaTbi npHMeHemrn cospeMeHHbiX 
<Po'rOTenJlOBbiX H <Po'roaKycrwtecKHX MeTO.I(OB K HCCJle.I(OBaHHIO O.I(HOI'O lf3 Ba:JKHbiX 
o6neKTOB - 3aUJ.HTHoro KoppoaHH:Horo CJlOß Ha Me.I(H (naTHHbi). ,LI,Jlß '3THX ueJleH: 6biJ1H 
HCROJlb30BaHbl )(Ba pa3JlWIHbiX 3KcnepHMeHTaJlbHbiX MeTO,!(a: ci>OTO.I(e<f>JleKI.J,HOHHbiW (<D,Lf,) 
MeTO.I( H MeTO.I( ci>OToaKycrwtecKOW <Dypbe-CneKTpüCKORHH (<Dypw-<J>AC). 
Ope.I(JlO:JKeH HOBbiW ct>OTarenJlooow no.I(XO.I( B HCCJle,!(oaaHHHX naTHHHIJOBaHHbiX 
CJlüeB Me,!(H. DecKOHTaKTHbiW H HepaapyrnaiOUlHW <D,LI, MeTO.I( 6b1Jl HCROJlb30BaH ,!(Jlß 
onpe.l(eJleHHH TenJlOBbiX coowcrs naTHHHpOBaHHbiX o6paauos c KpbiliiH CToKroJlbMCKOW 
PaTyrnH. KoJlwtecrBeHHbie HJMepeHHH K03<MlHUHeHTa TenJlooow .I(H~y3HH H TOJlUJ.HHbi 
CJlOß, npüBe,!(eHHble KaK Ha BHeliiHeW, TaK H Ha BHyTpeHHeW CfOpüHaX 
naTHHHpOBaHHbiX 00pa3l.I,OB, noKa3aJ1H 3HaliHTeJlbHble OTJlWIHß B MX TenJlOBbiX 
coowcraax. <DararenJlOBbie lf306pa:JKeHHH, noJlyqeHHbie .I(Jlß o6eHx cropoH 
naTHHHpOBaHHbiX 00pa3l.I,OB, 6biJ1H HCROJlb30BaHbl ,!(Jlß HCCJle.I(OBaHHß MOrxl><)JlürHH 
ßOBepXHOCfH CJlOß naTHHbl H MHKpocrpyKTypbl BKJliOlleHHfL 
0oKa3aHO, liTO MeTO.I( <Dypw-<J>AC ßBJlßeTCß y .I(OOHbiM cpe.I(GrBOM 
HepaapyrnaiOUJ,ero TeCfHpüBaHHß naTHHbL J1cnOJlb3Yß '3TOT MeTO.I(, Mbl 
H.l(eHTH$HI.J,HpOBaJ1H OKOJlO }Ü pa3J1HliHblX KOMROHeRTOB naTHHbl, BKJliOllaß HeKOTOpbie 
HOBbie KOMnoHeHTbl, TaKHe KaK $JliOOpH.I( Me.I(H CuF2xH20, KOTOpbiW paHee He 
OOHapy:JKHBaJlCß B naTHHe. Cnoco6HOCTb <D,LI, MeTO.I(a npoBO.I(HTb npo$HJlbHbiW aHaJlHJ 
no r Jly6HHe o6paaua no3BOJ1HJ1a HaM onpe.l(eJlHTb creneHb ct>OToaKycrHtiecKoro 
HaCbiUJ,eHHß cneKTpaJlbHbiX JlHHHW H paCnpe.l(eJleHHe KOMnOHeHTOB naTHHbl RO my6HHe. 
,LI,Jlß '3THX ·ueJleW npe.I(JlO:IKeH HOBbiW creneHHOW MeTO,!(. 
ÜCHOBbiBaßCb Ha noJlyqeHHbiX peay JlbTaTaX, Mbl npHliiJlH K 3aKJ1IOlleHHIO, liTO 
$0'fOTCRJ10Bbie MeTO.I(bl ßBJlßiOTCß BeCbMa y .I(OOHbiM 3KCnepHMeHTaJlbHbiM Cpe.I(GrBOM, 
ß03BOJlßiOUJ,HM ROJlyqa Tb Ba:JKHYIO HH$QpMai.J,HIO B TaKHX HCCJle.I(OBaHHßX. 3TH MeTO.I(bl 
Bbii'O.I(HO OT JlHllaiOTCß OT 6oJlee lf3BecrHbiX nO.I(XO.I(OB K HCCJle.I(OBaHHIO OKpy:JKaiOUJ,eW 
cpe.l(bi, KOTOpbre OObNHO ßBJlßiOTCß 6oJlee .l(oporHMH, paapyrnaiOUJ.HMH H TpOOYIOUJ.HMH 
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Evaluation of the Patina 
lntroduction 
1 
It is well known that copper when exposed to the atmosphere, forms a thin layer of 
corrosion which is commonly green or greenish-blue. This protective patina layer is 
generally regarded as an aesthetically pleasing as weil as a protective coating of the 
copper substrate. Its colour indicates that the architecture object or sculpture has been 
around for a long time, for it takes many years to form a sufficiently thick green patina 
layer. 
The changing environment has accelerated the processes of degradation of patina 
formerly characterized by great durability. Since the thirties oftbis century the problern of 
scientific analysis of patina and its conservation became of great importance. 
The first contribution to a scientific understanding of the patina phenomenon has 
been made by Vernon [ 1] who performed many experiments on various patinas and 
defined its main chemical components. Recently, Mattsson [2], Weil et al. [3], Graedel 
and co-workers [4-11] and Livingston [12] have published results of detailed studies of 
different patinated samples using modern analytical techniques. They have identified a 
number of new components of copper patinas and deduced the mechanisms of patination 
and patina degradation processes. 
Copper patinas are chemically and physically complex structures. A number of 
powerful analytical methods, such as metallography [5], X-ray diffraction [6], evolved gas 
analysis [6], X-ray photoelectron and Auger electron spectroscopy [7, 13], 
Chromatographie methods [8] and other techniques are usually applied for patina 
examination. Most of these methods are capable of obtaining different kinds of chemical 
and mineralogical data rather than information about macro-physical properties of patina. 
In addition, they are usually expensive and can be used only under laboratory conditions. 
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On the other hand, there is a great interest in studying the physical properties of patinas 
and in developing new non-expensive and non-destructive techniques which could be 
applied for in-field measurements and first control of natural and artificial protective layers 
like patina. 
One of the possible solutions for this problern could be the photothermal approach. 
The initial observation of the photothermal effect in solids by Bell [ 14] was based on the 
production of audible sound by the periodic interruption of a beam of light. The revival of 
photothermal methods for sturlies of solids was the result of work by Rosencwaig [15] 
who developed analytical methods and applications specific for solids. Modern 
photothermal science includes more than 15 methods which differ in the detection 
principles and are used successfully to study solids, liquids and gases [16]. In particular, 
these methods are very efficient in quantitative nondestructive evaluation, microscopy and 
spectroscopic sturlies of materials [ 17 -18]. 
As a first step in such a photothermal approach we describe in Chapters 1 and 2 of 
the present work the results of application of the relatively new nondestructive and 
noncontact Photothermal Beam Deflection (PBD) method [19-21] (also known as 
"Mirage detection" technique) for the characterization of thermal properties of patinated 
copper samples. The data result from quantitative nondestructive measurements of 
photothermal parameters of patina and photothermal imaging of both outdoor and indoor 
sides of samples from the roof of the Stockholm City Hall. 
We also discuss some characteristic features in the application of the PBD method 
to such an analysis as weil as the ways of further development of the photothermal 
approach in patina studies. 
1.1 The PBD Method Phvsica/ Principle 3 
1.1 The PBD Method Physical Principles 
1.1.1 General 
After the first observations ofthe Mirage effect by Knyazev and co-workers [19] the PBD 
investigation method based on this effect was reintroduced by Boccara et al. [20] and 
Aamodt and Murphy [21]. Variants of this technique are used in a wide range of 
spectroscopic and imaging applications. A schematic diagram of the physical principle of 









Fig.1 Schematic diagram ofthe physical principle ofthe PBD method. 
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The periodic heating of the sample by a modulated pump beam produces periodic heating 
of the gas (air) adjacent to the sample surface due to the heat transfer from the sample. 
This causes periodic variations in the index of refraction, n, of air. This temperature 
dependent density oscillation in the air is locally monitored with a probe Iaser beam 
(focused onto the heating region) which skims along the surface of the sample and 
through the heated region. 
Periodic deflections of this probe beam due to the refractive index gradient are 
measured by a position sensitive optical detector. Hence the detection is made over a line 
along the path defined by the illuminated region of the surface. The deflection angle <I> 
with respect to the original trajectory is given by [21]: 
<I>=- JP (1/n)(dn/dT)V Tg x dl (1) 
where dn/dT is the temperature gradient of the index of refraction, T g is the periodic 
temperature distribution in the air, P is the probe beam path, and dl is an incremental 
distance along P. 
In most cases this deflection is not larger than a few milliradians. Since the 
temperature changes involved are small, dn/ndT is usually assumed to be constant and can 
be taken out of the integral. The deflection <I> can be resolved into two components, <I>n 
normal to the sample surface and <I>t parallel to the sample surface. 
It has been shown [21] that when measurements are made close to the sample 
surface: 
<I>n oc weighted mean value ofT along P 
<I>t oc weighted mean value of(öf/()y) along P 
(2) 
(3) 
Since the normal component <I>n is sensitive to the surface temperature, it shows 
thermal discontinuities such as coatings, delaminations and inclusions that have lateral 
dimensions large enough to perturb the heat propagation into the material perpendicular 
to the surface [22]. The transverse component <I>t is sensitive to the lateral heat flow 
indicating vertical or near vertical thermal boundaries such as cracks and crack-like 
features. 
1.1 The PBD Method Physical Principle 5 
1.1.2 Depth profHing 
One of the main advantages of the PBD method is the possibility of varying the sampling 
depth. The thermal wave amplitude into the sample decays rapidly with depth, and over a 
distance J..L (called the thermal diffusion length) it is reduced to e"1 of its initial value 
(Fig.l). 
This distance is defined as: 
(4) 
where a is the sample thermal diffusivity ( a = Klpc, where K, p and c are the sample 
thermal conductivity, density and heat capacity, respectively) and f is the modulation 
frequency of the pump laser beam. 
This thermal diffusion length depends on both material properties and modulation 
frequencies, and it is roughly the penetration depth of thermal waves into the sample. 
Therefore, the PBD method is a near-surface technique where the depth range can be 
adjusted via the laser modulation frequency, thus allowing for depth profiling. 
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1.2 Experimental Set Up and Sampies 
1.2.1 Set up 
A block-scheme of the PBD experimental set up, which is similar to that usually used in 











Fig.2 Schematic diagram ofthe experimental set up ofthe PBD method. 
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Three different lasers: Nd:YAG (wavelength A-=1064 nm, attenuated to 10 mW insensity, 
ADLAS Model DPY321, Luebeck, Germany), He-Ne (A.=633 nm, 10 mW, UNIPHASE 
Model1096, Mantea, CA) and Nd:YAG ftequency-doubled (A.=532 nm, 10 mW, ADLAS 
Model DPY315II, Luebeck, Germany) have been used as pumping sources. The pump 
beam was modulated by a mechanical chopper (from 10Hz up to 10 k:Hz) and has been 
focused onto the sample surface by means of optical components. 
A He-Ne laser (A.=633 nm) has been used as a probe beam source [24]. The probe 
beam deflection signal (both normal <I>n, and transverse <l>t components) has been detected 
by a four-quadrant position detector and processed by means of a lock-in amplifier. 
Fig. 3 A He-Ne probe beam profile obtained with the use of 5 J.tm diaphragm. 
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The pump and probe beams spatial proflies were measured with the use of simple system 
contains a scanning pinhole and photodiode. Figures 3 and 4 present the proflies for a He-
Ne probe beam and a Nd:YAG (A-=1064 nm) pump beam. The probe and pump beams 
radii have been evaluated to be about 60 J.tm and 100 J.tm, respectively. These 
characteristic dimensions were varied for the photothermal imaging (Chapter 2) between 
30 and 200 J.tm by changing the focusing conditions. 
The pump beam intensity has been controlled by a photodiode. A scanning system 
allowed to move the sample to within 0.5 J.tm accuracy to obtain the photothermal images. 
Fig. 4 A Nd:YAG (A-=1064 nm) pump beam proflle obtained with the use of 
5 J.tm diaphragm. 
1.2 Experimental Set Up and Sampies 9 
1.2.2 Sampies 
The samples of ca. 600 ~m thickness and of lOxlO mm2 dimensions cut from a piece of 
the roof of the Stockholm City Hall have been examined without any additional pre-
treatment. The exposure time of the samples to the atmosphere was approximately 65 
years [13]. 
Bach sample had two patinated surfaces: a green outdoor side (which had been 
exposed to the atmosphere) and a brown indoor side as shown in Figs. 5(a) and 5(b). The 
green colour of the outdoor side of the samples is due to the presence of brochantite 
Ct14(0H)6S04 which is almost always the main component ofthe patina [4]. 
The presence of brochantite at outdoor side of samples has been confirmed by 
means of the FT-IR Photoacoustic Spectroscopy (FT-IR PAS) [25]. A detailed PA 
spectroscopic analysis of the patina is presented in Chapter 3 of the present work. 
It is also known [4,27-28) that natural copper patinas are spatially quite 
heterogeneous, and the surfaces show a highly porous structure. In addition, different 
k:inds of atmospheric particles like aluminia, iron oxide, silica etc. are commonly 
incorporated into copper patinas [3,4] and can be clearly seen even in photomicrographs 
(Fig. 5(a)). The presence of very hard and strongly adherent small black spots on the 
surface of patina has been noted in previous studies [ 4,29). 
Two samples, one having typical outdoor and indoor patina surfaces and another 
one containing the above mentioned black spots on the outdoor side have been chosen for 
analysis. They have been numbered as sample #1 and sample #2, respectively. 
10 Chapter 1 Photothermal Nondestructive Evaluation ofthe Patina 
Fig.5 Microphotographs of outdoor (a) and indoor (b) surfaces of the 
patinated sample # 1 taken in the central part of the sample. 
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1.3 Nondestructive Evaluation ofThermal 
Parameters 
1.3.1 Zero crossing method forthermal diffusivity 
measurement 
11 
It has been shown above that measurements of the transverse component <l>t of the PBD 
signal can provide a direct noncontact determination of the thermal diffusivity [30-33]. 
This is carried out by scanning the probe beam relative to the pump beam with a constant 
height from the sample surface. The so called zero crossing (ZC) method is applied to 
calculate the values ofthermal diffusivity (Fig.6). 
Modulated pump beam 
Probe beame 
Sampie 
Fig.6 Schematic diagram of the zero-crossing method for thermal diffusivity 
measurement using the PBD technique. 
12 Chapter 1 Photothermal Nondestructive Evaluation ofthe Patina 
This ZC of thermal diffusivity measurement is based on the linear relation between the 
first noncentrat zero crossing d of the real part of the transverse component Re( Cl>t) 
against the inverse root of the modulation frequency f" 112 [31-32]. Each zero crossing 
corresponds to a phase shift of 90° with respect to the centrat zero. The slope of this 
straight line m gives the thermal diffusivity a via the relation [32]: 
m = (y1ta)I/2 (5) 
where y is a parameter which depends on the bulk thermo-optical properties of the 
material. 
This ZC method was applied to measure the thermal diffusivities of the outdoor 
and indoor patina layers of the samples. As an example, the PBD-transverse amplitude 
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Pump-probe beam offset, f.1m 
Fig. 7 Experimental dependence of the PBD-transverse amplitude on the 
pump-probe beam offset for the indoor side ofthe patinated sample #1 
at two modulation frequencies. 
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Here two peaks (which have their maxima at some distance from the centrat point) 
correspond to the deflection of the probe beam into two opposite directions. The first 
noncentrat zero crossing d is obtained from the analogous dependence of the real part of 
the PBD-signal (Fig. 8). The value of d decreases with increasing pump beam modulation 
frequency. 
It should be pointed out that the first noncentrat zero crossing of Re( <l>t) as 
measured directly in the experiment (Fig.8) is not related to a phase shift of90° due to the 
finite height ofthe probe beam above the sample surface (which is typically 100-200 11m). 
In this case the correction procedure proposed by Salazar et al. [33] should be applied. 
1.3.2 Correction procedure 
The points corresponding to a 90° phase difference ( called true zero crossing) can be 
obtained by introducing a suitable phase shift in the Argand diagram (i.e. dependence of 
the Re( <l>t) on Im( <I>t)) thus producing a rotation in the complex plane of the loops which 
keeps them in a vertical position (Fig.9). This correction procedure was applied to all 
measurements of the thermal diffusivities. 
Another important problern in the deterrnination of the thermal diffusivity appears 
in the case of low diffusivity materials such as the outdoor patina layer . If the thermal 
diffusivity of the sample is much lower than that of the gas ( u = 0.19 cm2/s for the air), 
the applicability of the ZC method is complicated since either no zero crossing exists or 
the PBD-signal level at the zero-crossing point is so small that noise makes its accurate 
deterrnination impossible [33-34]. 
This problern can be solved by applying the multiparameter fitting method 
proposed by Rantala et al.[34-35] or by using instead of air a medium with a diffusivity 
near to that of the sample. 
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Pump-probe beam offset, Jlm 
Fig. 8 Real part of the experimental PBD-transverse amplitude versus pump-
probe beam offset for the indoor side of the patinated sample # 1 at 
different modulation frequencies. 
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-40 -30 -20 -10 0 10 20 30 
Img(PBD), (!lV) 
Fig.9 Argand diagrams for the indoor side of the patinated sample #1 at 
different modulation frequencies as measured in experiment and after 
correction (rotation in the complex plane of the loops axes which keeps 
them in a vertical position). 
40 
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1.3.3 Results for the outdoor patina layer 
In our case no zero crossings (like those shown in Fig.8) were observed in the 
measurements ofthe outdoor patina layer in air. To overcome this problern we used as a 
deflection medium liquid CC4 which has much lower thermal diffusivity (cx. = 8'10-4 cm2/s, 
[36]) than that of the air. It has been carried out by immersing the sample into a special 
optically transparent cell containing CC4. 
The results of the zero crossing measurements of the outdoor and indoor patina 
layer are shown in Fig. 1 0. 
2000 
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Inversesquare root ofmodulation frequency, (Hz) 
Fig. 10 Measurements of the dependence of the zero-crossing distances on the 
inverse root of the modulation frequency for the outdoor and indoor 
sides ofthe patinated sample #1 and for clean Cu. The fitted slopes of 
the straight lines give the values of the thermal diffusivities. 
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A clean Cu sample (i.e. afterremoval ofthe outdoor patina layer) was used as a reference 
because the thermal diffusivity of copper is weil known and has been also measured by the 
PBD method [30]. The fitted slopes of the straight lines give the values of the thermal 
diffusivities according to equation (5). For the calculations of a we used y=l which 
corresponds to opaque thermally thin materials [32]. 
For the reference Cu sample we obtained a.cu = 1.1 cm2/s which is in good 
agreement with Iiterature data and the results of alternative measurements by means of the 
PBD method (a.cu = (1.0-1.2) cm2/s, [30]). A significant difference between measured 
thermal diffusivities of the outdoor and indoor patina layers is possibly due to the different 
morphology of these patinas. 
The outdoor patina layer which has been exposed to the atmosphere has a poor 
thermal diffusivity <Xotd = 0.022 cm2/s which is very close to those of brochantite 
CU4(0H)6S04 (0.025 cm2/s) as calculated from the values ofthermal conductivity (K), 
heat capacity (c) and density (p) [37-39]. 
In contrast to the outdoor layer, the inner patina layer shows relatively high 
thermal diffusivity CJ.ind = 0.6 cm2/s which is only by a factor of two lower than that of 
copper. This is probably due to the fact that this indoor layer has a quite nonuniform 
morphology and thickness which can be clearly seen in the photothermal images (see 
Chapter 3). Thus, measured value of CJ.ind can be much higher than the real one due to the 
influence of Cu backing material. 
It should be also pointed out that the results of Uotd and CJ.ind measurements are 
mean values averaged over the sample surface area of about 1 mm2 due to linear scanning 
of the probe beam. A more realistic value of CJ.ind = 0.02 cm2/s corresponding to that of 
cuprite Cu20 (which is the basic component ofthe initial patina growth process [10]) has 
been taken for the following analysis. 
The accuracy of the thermal diffusivity measurements for the outdoor side of the 
patinated sample has been estimated to be about 10% which is a typical value for 
photothermal results [18,33]. 
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1.3.4 Measurement of patina layer thickness 
The possibility to vary the sampling depth in the PBD method has been used for a 
noncontact measurement of the outdoor and indoor patina layer thickness. It has been 
carried out by measuring the amplitude and phase of the normal (f)n component of the 
PBD signalas a function ofthe pump beam modulation frequency. 
Typical frequency dependencies of the PBD amplitude and phase measured on the 
outdoor side of sample #1 are shown in Figs. ll(a) and ll(b), respectively. 
As it can be clearly seen from Figure ll(a) there are three frequency regions 
corresponding to the contributions of different layers of the sample to the total PBD 
signal. 
Below the first characteristic frequency (ft=80 Hz) the thermal diffusion length Jl 
is higher than the total sample thickness (Fig. ll(c)). At ft Jl is approximately equal to the 
Cu-backing thickness and above the second characteristic frequency (f2=l600 Hz in this 
case) the thermal waves are completely inside the outdoor patina layer. 
Thus, by varying the pump beam modulation frequency, one can follow the 
changes of the thermal waves due to different layers of the sample as it is depicted 
schematically in Fig. ll(c). The outdoor patina layer thickness I can be estimated from the 
simple relation (see eq.(4)): 
I= (aht 6)112 (6) 
where the thermal diffusivity a is supposed tobe measured independently. Otherwise, the 
thermal diffusivity can be deduced by knowing /. 
It should be noted that, regarding the differences in the PBD-amplitude (Fig. 
11 ( a)) and phase (Fig. 11 (b)) behaviour between corresponding frequency regions, the 
phase, being essentially the propagation time of the thermal waves through the material, 
shows more distinct frequency dependence. In addition, it is independent on the pump 
power and is, therefore, more suitable for further calculations. 
The same procedure as described above was applied for the measurements of the 
indoor patina layer thickness. 
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Fig.11 Frequency dependencies ofthe PBD-signal amplitude (a) and phase (b) 
measured on the outdoor side of the patinated sample #1 at 1064 nm 
and a schematic diagram of the thermal waves for two characteristic 
modulation frequencies ( c). 
19 
20 Chapter 1 Photothermal Nondestrnctive Evaluation ofthe Patina 
Using the values ofthermal diffusivity previously measured the mean outdoor and indoor 
patina layer thickness were calculated according to equation (6). 
The value of I = 23 11m obtained for the outdoor patina layer is in reasonable 
agreement with that of the same material deduced from Auger electron spectroscopy 
depth profiles [13]. The corrosion rate has been evaluated to be ca. 0.4 J.1rnlyear for the 
outdoor layer which is typical values for the patinas [29]. For the indoor patina layer we 
found I = 1 0 Jlm. 
The accuracy of the measurements of the characteristic frequencies has been 
estimated to be about 20%. No differences in characteristic frequencies were noted for 
different pump beam wavelengths. 
2.1 Phase and Amplitude Imaging 
Chapter 2 
Photothermal Imaging 
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2.1 Phase and Amplitude Imaging 
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In this Chapter several photothermal images are presented obtained from the outdoor and 
indoor patina layers. 
One of the main advantages of photothermal imaging is its capability to separate 
on-surface ( optical) and sub-surface features. The amplitude of the PBD-signal depends 
on both surface inhomogenedes such as varying absorption coefficients, surface 
morphologies and sub-surface features. The phase is independent on the difference in 
absorption and depends only on the sub-surface features provided the optical features are 
thermally thin, i.e. their characteristic thickness is much less than the thermal diffusion 
length [22, 40]. 
Another important advantage of monitoring the phase is its high penetration depth 
compared to amplitude. It has been shown theoretically and experimentally that phase 
imaging can probe twice as deep as amplitude imaging [41-42]. 
In the case of such a complex material as patina there are several parameters 
influacing the centrast of a photothermal image. Generally they can be divided into three 
categories: 
• surface morphological features, i.e. surface roughness, porosity or inhomogeneties in 
patina layer thickness occurring during patina formation; 
• surface absorption features, i.e. difference in optical absorption from point to point 
along the surface caused by the nonuniformities of patina structure and by the presence 
of incorporated particles; 
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• different kinds of sub-surface features such as cracks, domain boundaries, bulk 
includings, etc. All these circumstances have to be taken into account in the analysis of 
the photothermal images of patinated samples. 
The spatial resolution in thermal wave microscopy is limited by either the pump 
beam spot size on the sample surface or the thermal diffusion length, whichever is larger. 
When the pump radiation is strongly focused, the spatial resolution increases with 
increasing modulation frequency. 
2.2 Imaging Procedure 
A photothermal image which is actually a map of the local temperature distribution on the 
sample surface is obtained by point-by-point raster scanning. In the present work scanning 
was performed by means of a step-by-step motion of the sample mounted on a X-Y 
translation stage with two step motors in either direction. 
Both the PBD amplitude and phase of the normal <l>n deflection of the probe beam 
have been processed by a lock-in amplifier and stored in a personal computer for further 
treatment. The computer software [43] allowed to obtain both 2-D and 3-D images in 
different colour representations as well as to perform layer-by-layer analysis of the images. 
For the photothermal imaging of the patinated samples the pump beam was 
focused to 40 J..lm spot size (1/e) using a system of lenses (Fig.2). The modulation 
frequency used lies in the interval from 0.5 kHz to 5kHz. 
The thermal diffusion lengths in this frequency region vary from 40 J..lm to 12.6 J..lm 
for the outdoor patina layer. So, in the case of the outdoor patina layer the spatial 
resolution was defined only by the pump beam spot size and supposed to be constant for 
all measurements. 
2.3 Photothermal Images ofthe Outdoor Patina Layer 
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2.3.1 Amplitude and phase images 
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The first series of the photothermal images were obtained from the outdoor patina layer of 
sample #1 using a He-Ne pump laser modulated at 500Hz, 1 k:Hz, 3kHz and 5kHz. An 
optical image of the outdoor side of this sample obtained by using an optical microscope is 
presented in Fig.12. 
Fig. 12 Optical image of the outdoor side of the patinated sample # 1. 
Black arrow show the position of the green spot, as discussed in the text. 
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Fig.13 serie shows the PBD amplitude (a-d) and phase (e-h) images obtained at 633 nm at 
different modulation frequencies. 
We used a 15-colour representation for each image since in this case the contrast is 
more clear. The PBD-amplitude and phase scales are different (but they are the same for 
the whole group ofimages): from 0 to 450 arbitrary units for the amplitude images (i.e. 30 
a.u./colour) and from 0 to 3000 units (200 a.u./colour) for the phase images. 
As it can be clearly seen from these figures the outdoor patina layer is quite 
nonuniform and has a complex surface structure with a Iot of different features. The main 
feature is the surface morphology, i.e. surface roughness and porosity, appearing in form 
of spots (yellow, green or red depending on the colour representation). 
The surface morphology became clearer visible with increasing pump beam 
modulation frequency as can be seen from a comparison ofFigs. 13(a)- 13(d) and Figs. 
13(e) - 13(h). This is due to the fact that at 3 kHz modulation frequency the thermal 
diffusion length is less than the outdoor patina layer thickness, and only this layer 
contributes to both the PBD amplitude and phase total signals. 
As mentioned previously, the PBD-phase is sensitive essentially to the sub-surface 
features and to surface roughness, thus the phase images at high modulation frequencies 
represent the patina layer surface morphology (Figs. 13(g) and 13(h)). 
The outdoor patina layer morphology is not disordered and was found to be 
oriented along axes between 60° and 90° with respect to the horizontal direction (see, for 
example, Figs. 13(c)-13(d) and Figs. 13(g) - 13(h)). This feature is probably due to the 
orientation of the sample at the roof during exposure. 
Note that the oriented structure of the patina layer can not be observed optically 
(Fig.12) and appears on the photothermal image due to the thermal nature of the PBD-
signal mapping not only on-surface features but also the bulk structure. 
Two types of characteristic features which were detected several times in the 
samples should also be discussed. 
First there is a green spot of ca. 250x500 J.tm2 dimensions marked by the black 
arrows in Figs. 12 and 13(a) - 13(h). It is a piece of incorporated extemal material 
(probably metal) covered by the patina layer. This spot has a thermal conductivity higher 
than the surrounding patina layer which results in a corresponding decrease of the PBD-
amplitude. 
The presence of such a feature in both amplitude and phase images shows that it is 
also a surface nonuniformity. The thermal structure of this feature is much more extended 
than its visible part as it can be concluded from the comparison of the optical image (Fig. 
12) and one ofthe photothermal phase images (Fig. 13(f)). 
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Fig.l3a Photothermal PBD-amplitude image of the outdoor side of patinated sample 
#1 obtained at 0.5 kHz modulation frequency. Black and white arrows show 
the position of the green spot and the line band, respectively, as discussed in 
the text. 
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Fig.13b Photothermal PBD-amplitude image of the outdoor side of patinated sample 
#1 obtained at 1 kHz modulation frequency. Black and white arrows show the 
position of the green spot and the line band, respectively, as discussed in the 
text. 
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Fig. 13 c Photothermal PBD-amplitude image of the outdoor side of patinated sample 
#1 obtained at 3kHz modulation frequency. Black and white arrows show the 
position of the green spot and the line band, respectively, as discussed in the 
text. 
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Fig.l3d Photothermal PBD-amplitude image of the outdoor side of patinated sample 
#1 obtained at 5kHz modulation frequency. Black and white arrows show the 
position of the green spot and the line band, respectively, as discussed in the 
text. 
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Fig.l3e Photothermal PBD-phase image of the outdoor side of patinated sample #1 
obtained at 0.5 kHz modulation frequency. Black arrow shows the position of 
the green spot, as discussed in the text. 
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Fig.13f Photothermal PBD-phase image of the outdoor side of patinated 
sample #1 obtained at 1 kHz modulation frequency. Black arrow 
shows the position ofthe green spot, as discussed in the text. 
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Fig.l3g Photothermal PBD-phase image of the outdoor side of patinated 
sample # 1 obtained at 3 kHz modulation frequency. Black arrow 
shows the position of the green spot, as discussed in the tex:t. 
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Fig.l3h Photothermal PBD-phase image of the outdoor side of patinated 
sample #1 obtained at 5 kHz modulation frequency. Black arrow 
shows the position of the green spot, as discussed in the text. 
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It is also interesting to note that the intemal thermal structure of this feature becomes 
more clear on the phase image with increasing modulation frequency and inversely, with 
decreasing frequency on the amplitude images. For example, at 5 kHz modulation 
frequency this feature is absent on the amplitude image (Fig. 13(d)) and quite clear on that 
ofthe phase (Fig. 13(h)). 
Secondly, there is a horizontal band in the upper part of the amplitude images 
marked by the white arrows (Figs. 13(a) - 13(d)). It is a pure absorption feature on the 
sample surface without any sub-surface structure as this band is absent on the PBD phase 
Images. 
2.3.2 Influence of the pump beam wavelength 
The influence of the pump beam wavelength on the photothermal image is illustrated in 
Figs. 14(a), 14(b) and 14(c). 
It can be seen from these figures that changes in wavelength cause a variation of 
the optical absorption picture and that the oriented structure of the outdoor patina layer 
becomes clearer when the excitation wavelength is increased from 532 nm to 633 nm and 
further to 1024 nm. 
Note, that the green spot discussed above is not uniform as it Iooks optically but 
has a fine structure. 
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Fig.14 Photothermal amplitude images of the outdoor side of the patinated 
sample # 1 at 1 kHz modulation frequency obtained for different 
wavelengths ofthe pump beam: 532 nm (a), 633 nm (b) and 1024 nm 
(c). 
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The photothennal images of the indoor patina layer were obtained by using a Nd:YAG 
Iaser (1064 nm) as in the visible region this layer has a very low optical absorption. 
Typical photothennal images ofthe indoor side are presented in Figs. 15(a) and 15(b). 
These images are quite different from those of the outdoor patina layer and show a 
great nurober of small includings of 50 - 100 ~m in diameter. These features are probably 
the centres of the patina fonnation at an earlier stage of this process10. No oriented 
structure like that on the outdoor patina layer was observed. 
Note that a spatial resolution evaluated from the imagecantrast in Figs 15(a) and 
15(b) is better than the thennal diffusion length (~=138 ~m for 1 kHz modulation 
frequency). This is due to the local decrease of a compared to its mean value and 
corresponding increase in spatial resolution, so that these centers become visible. 
The analysis of the PBD amplitude and phase images similar to that discussed 
previously shows the presence of a relatively large sub-surface feature marked by the 
arrows in the upper parts ofFigs. 15(a) and 15(b). 
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Fig.15a Photothermal amplitude image of the indoor side of the patinated 
sample # 1 at 1 kHz modulation frequency and 1064 nm. Arrow shows 
the position of sub-surface feature, as discussed in the text. 
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Fig. 15b Photothermal phase image of the indoor side of the patinated sample 
# 1 at 1 kHz modulation frequency and 1064 nm. Arrow shows the 
position of sub-surface feature, as discussed in the text. 
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2.5 Photothermal Images of the Black Spot 
On the Outdoor Patina Layer 
As it has been mentioned earlier sculptures, roofs, and other objects made of copper or 
copper alloys and exposed to the atmosphere often have small black spots on their surface 
[ 4 ,29]. The structure of these spots is not weil established as no systematic sturlies have 
been performed [ 4]. We have chosen such a spot on the outdoor patina surface for a 
photothermal analysis. 
An optical image of this black spot of ca. 450x700 J.tm2 is shown in Fig. 16. It 
Iooks like a piece of extemal material incorporated into the outdoor patina layer. 
rT4QTtffi-, 
<~ -- ' 
Fig. 16 An optical image of the inclusion (black spot) on the outdoor patina 
layer ofthe patinated sample #2. 
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The corresponding PBD amplitude and phase images (Figs. 17(a) and 17(b)) show sharp 
boundaries without noticeable spreading of the thermal structure compared to its visible 
shape. 
The phase image is nearly uniform along the surface of this spot except of one 
point (marked by the white arrow). The same point is observed in the PBD amplitude 
image where the signal is much higher than the mean value around. It is due to the 
presence of a small (ca. 50 J.lm in diameter) grain of different material which has much 
lower thermal diffusivity. Note that this feature is optically not clearly visible. 
Another interesting feature is the difference in spot shape (in the upper part) 
between optical and photothermal images. The upper left branch of the spot marked by 
the black arrow in Fig. 17(a) is a part of the spot body covered by the patina layer. This 
branch is not seen in the optical view and appears both in the PBD amplitude and phase 
images. This fact allows us to conclude that the black spot was adhered to the surface 
prior to formation of the green patina layer. 
Brief Summary to Chapters 1 and 2 
In Chapters 1 and 2 we have presented the results of the first study in the framework of a 
new photothermal approach in patinated copper analysis. 
It has been shown that the application of the relatively new nondestructive and 
noncontact photothermal beam deflection (PBD) method allows to obtain important 
quantitative information about the thermal properties of the patina as well as to perform 
measurements of patina layer thicknesses. 
Photothermal imaging by using both the PBD amplitude and phase signals perrnits 
to study the thermal structure of the patina including the unique possibility to detect its 
sub-surface features like incorporated particles, black spots, etc. 
It is assumed that the proposed photothermal approach can be a valuable technique 
complementary to other methods of patina analysis. The PBD method used in the present 
work is not the only suitable one among different photothermal detection schemes. An 
application of the PAS to the quantitative analysis of the main patina components from a 
spectroscopic point ofview is presented in the following Chapter 3. 
Based on the results obtained we propose in Appendix the principles of a new 
portable PBD-device for in-field measurements. This simple instrument could be used in 
different branches of modern in-situ environmental studies. 
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Fig.17a Photothermal amplitude image of the inclusion (black spot) on the 
outdoor side of the patinated sample #2 obtained at 1 kHz modulation 
frequency and 1064 nm. White and black arrow show the position of 
the extemal material and the optically invisible part of the spot, 
respectively. 
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Fig. 17b Photothermal phase image of the inclusion (black spot) on the outdoor 
side of the patinated sample #2 obtained at 1 kHz modulation 
frequency and 1 064 nm. White arrow shows the position of the 
extemal material, as discussed in the text. 
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Chapter 3 
Photoacoustic FT-IR 
Spectroscopy of the Patina 
Introduction 
The opaque and highly scattering nature of the patina layers makes them difficult to study 
by traditional transmission- or reflection-based FT -IR spectroscopy. Infrared studies of 
patina require extensive sample preparation, which disrupts the morphology of the patina. 
Poor reproducibility and sensitivity, combined with the Iimitation of conventional 
infrared spectroscopic techniques in providing only specific information on either the 
surface or the bulk regions of the sample, have led us to apply nondestructive and more 
sensitive FT-IR PAS to analysis of the patina. 
Since the late 1970s, the use of photoacoustic spectroscopy has increased 
significantly, and, with the high throughput and multiplexing advantages of modern FT -IR 
spectrometers, FT-IR PAS can now be used as a routine analytical tool with good signal-
to-noise ratio and without special sample preparation [44]. 
Briefly, the photoacoustic signal is generated when intensity-modulated infrared 
radiation absorbed by the sample converts into heat within the optical absorption depth. 
This heat diffuses to the sample surface and into an adjacent gas atmosphere. The thermal 
expansion of this gas produces the pressure change which is then detected by a 
microphone as the photoacoustic signal. 
As only the photoacoustic signals generated within the thermal diffusion length are 
detected, this method can be used to discriminate between the surface and underlying 
layers of solid materials. A more detailed discussion of the PAS theory and thermal 
diffusion length is presented elsewere [ 45]. 
In the present Chapter, we report the use of FT-IR PAS to investigate the 
chemical composition of patinated copper samples, with particular reference to the depth 
distribution of the main patina components. 
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3.1 · FT-IR PAS Experimental Set Up 
All spectra were acquired on a Bruker IFS-66 (Bruker GmbH, Karlsruhe, Germany) 
spectrometer. Optical Path Difference (OPD) velocities in the range of0.101 cm/s to 1.27 
cm/s were used. These OPD velocities correspond to modulation frequencies from 404Hz 
to 5080Hz at 4000 cm-1 and from 40.4 to 508Hz at 400 cm-1. 
An MTEC Photoacoustics (Ames, lA) Model 200 photoacoustic cell was used in 
all studies. Schematic view of this cell is presented in Fig. 18. The design of the MTEC 
200 detector allows changing of the sample without removal of the sample cell from the 
spectrometer. In order to decrease the intensity ofwater-vapor bands and to increase the 
PAS signal, we purged the cell with dry helium for 10 min. 
Two different sets of spectra were obtained, the first at 8 cm-1 resolution and 
averaged over 256 scans, and the second at 4 cm-1 resolution and averaged over 1024 
scans. A MTEC carbon black reference sample was used as the reference material for all 
the spectra acquired. The same samples described in Chapters 1 and 2 were used. 
IR 
Photoacoustic cell 
Fig. 18 Schematic view ofthe photoacoustic cell. 
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3.2 Photoacoustic Characterisation 
of the Sampies 
The photoacoustic signal depends on thermal, optical and geometrical parameters of the 
sample, and therefore different spectroscopic information can be obtained in relation to 
the values ofthese parameters [45]. 
3.2.1 Thermal diffusion length in the patina layer 
The thermal diffusion lengths (f..l) of patinated samples were calculated according to the 
Rosencwaig-Gersho (RG) theory for the photoacoustic effect in solids [ 45]. This 
parameter is given by the average thickness from the sample surface, which contributes to 
the PA signal (see equation (4) in Chapter 1): 
f.l = (2a/ro)l/2 (6) 
where ro is the angular modulation frequency which can be calculated from the modulation 
frequency,j: 
ro = 2nf, f= uv (7) 
where u is the optical path difference (OPD) velocity of the interferometer and v is the 
wavenumber of the IR radiation. In the Michelson design interferometer used in these 
experiments, v is twice the value ofthe mirror velocity. 
According to the RG theory, the thermal diffusion length is inversly proportional 
to the square root of the modulation frequency; therefore low optical velocities will result 
in PA signals from deep within the patina layer, while high OPD velocities will allow 
thermal diffusion from the surface region. This pattern is the basic for depth profiling 
analysis using FT-IR PAS. 
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The thennal diffusion lengths calculated according to ( 6) for the outdoor side of patinated 
samples are presented in Table I. 
From these results it can be seen that ~ decreases with increasing OPD velocity 
and wavenumber ofiR radiation. Consequently, a high OPD velocity (at least 0.253 cm/s) 
is required in order to achive the thennal diffusion length comparable with the patina layer 
thickness (see also next section). 
TABLE 1 
Thermal diffusion lengths (in J.Lm) for the outdoor side8 of patinated sample as a 






















OPD velocity, cm/s 
0.190 0.253 0.316 
28.9 25.1 22.4 
30.9 26.8 24.0 
33.4 29.0 25.9 
36.6 31.7 28.4 
40.9 35.5 31.7 
47.3 41.0 36.6 
57.9 50.2 44.9 
81.9 70.9 63.5 
91.5 79.3 71.0 
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The geometrical parameter is given by the thickness of the sample, i. e. the thickness of the 
outdoor or indoor patina layer (fotd or find) and the backing Cu substrate (fb = 600 Jlm). 
The fotd and find values of the sample under study have been measured earlier by 
using the PBD method (Chapter 1). Obtained mean value fotd = 25 Jlffi was in reasonable 
agreement with that of the same material deduced from Auger electron spectroscopy 
depth proflies [13]. The thickness ofthe indoor patina layer has been evaluated tobe find 
= 10 Jlffi. 
3.2.2 Optical absorption length 
The optical absorption coefficient (ß) depends on the wavenumber ofthe radiation, thus it 
should be taken into account in order to calculate the optical parameter, namely the 
optical absorption length (fp = ß"\ 
In the experiments, quantitative measurements were carried out over a wide 
frequency range varying from 4000 to 400 cm-1. Thus, ß calculated from the transmission 
FT-IR spectrum ofthe outdoor patina layer varies significantly from ß = 1 + 3 cm-1 in the 
region of weak absorption (2500-1300 cm"1) to its maximum values ß = 38 + 40 cm-1 at 
characteristic bands [46] of brochantite CU4(0H)6S04, i.e. at 3388 cm-1 and 1123 cm-1. 
As a result, the optical absorption length ranges from fp = 250 11m to fp = 1 cm. 
The same analysis for the indoor patina layer characterized by low absorption 
result in the absorption }ength Variation from f ß = 2400 Jlffi tO f ß = 1. 5 Cffi. 
As it can be clearly seen from the above results fp << fp over the all frequency 
range used, thus both the outdoor and indoor layers of our samples can be considered as 
an optically transparent [ 45). 
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3.3.1 Frequency dependence of the PA signal 
According to the RG theory (45] the dependence ofthe PA signal (S) on ß and/ can be 
predicted regarding the relative magnitudes of the thermal diffusion length ~ as compared 
to the sample thickness e and the optical absorption length fp. Two well known 
dependences can be considered [ 45): 
s = ---- , for the thermally thin sample (~ > e) (8) 
where Io is the incident light flux, Pb, Cb and ~b are the density, the specific heat and the 
thermal diffusion length ofthe backing material, respectively. 
For the thermally thick samples (~ < e): 
Io( 1-e- P11) 
S=---- (9) 
It has be shown [45] that the frequency dependence ofthe PA signal varies from S ~ j-1 
for the optically transparent (f < fp) thermally thin solids to S - f -1.5 for the optically 
opaque (f > fp) thermally thick samples. 
The later case is of special importance for the spectroscopic studies as it can result 
in the photoacoustic Saturation and corresponding loss of spectral detail. 
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3.3.2 A power-index method to study photoacoustic 
saturation 
Thus, it would be helpful to calculate the power index n spectrum of the PA signal 
frequency dependence S ~ f n and to compare it with the normal FT-IR PAS spectrum. It 
can be done for each point of the FT -IR spectra obtained with the use of two different 
OPD velocities u1 and u2 by simple operation: 
n=---- (10) 
This analysis can be performed for any number of the OPD velocities used 
indicating the variations in n (which is actually the slope of the PA signal log-log 
dependence onf or u) due to the changes in the PA signal formation conditions. 
Figure 19 shows the FT -IR spectra of the outdoor side of patinated sample 
collected with the use of different OPD velocities and 8 cm-1 resolution. 
The form of each spectrum is similar to that of brochantite [ 46] Ct14(0H)6S04 
except of some peaks whose origin will be discussed in the following sections. The FT -IR 
PAS signal decreases with increasing the OPD velocity. 
A log-log frequency dependence ofthe FT-IR PASsignal for three intensive peaks 
in OH absorption band of brochantite Ct14(0H)6S04 presented in Fig.20 shows the 
variations in the slope of the lines from low to high OPD velocities. The right scale in Fig. 
20 presents the ratios ofthe peaks at 3401 cm-1 to those at 3591 cm-1 and 3658 cm-1. As 
it can be clearly seen from this figure these peaks have different frequency dependencies 
inspite of the fact that they are due to the same component of the patina. 
Figure 21 shows the example of the application of the power-index method 
described above to analysis of the FT -IR spectrum of the patinated sample. Here the 
power index n of the frequency dependence has been calculated with the use of low OPD 
velocities from 0.101 to 0.253 cm/s. As it can be stated from this figure, the form ofthe 
power-index spectrum follows that of the normal FT -IR PAS spectrum in all the 
wavenumbers range used: from 4000 to 400 cm -1. It ranges from n = - 1. 5 in the region of 
low absorption (near 2500 cm-1) to n = -1.1 at the most intensive peaks of brochantite 
CU4(0H)6S04, i.e. at 3401 cm-1 andin the region of S04 absorption: 1200- 400 cm-1. 
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Fig.19 FT-IR PAS spectra of the outdoor side of patinated sample obtained 
with the use of the following OPD velocities: 0.101 cm/s (a), 0.139 
cm/s (b), 0.190 cm/s (c), 0.253 cm/s (d), 0.316 cm/s (e) and 0.475 
cm/s (f). Spectral resolution: 8 cm-1. 
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Fig.20 A log-log plot of the PA signal vs. the OPD velocity for the most 
intensive OH lines of brochantite Ct4(ÜH)6S04: at 3401 cm-1 (a), 
3591 cm-1 (b) and 3568 cm-1 (c). The right scale represents the same 
dependence for the ratios of these peaks: (PA at 3401 cm-1)/(PA at 
3591 cm-1)- (d), and (PA at 3401 cm-1)/(PA at 3568 cm-1)- (e). 
~ -0 































4000 3400 2800 2200 1600 
WA VENUMBERS, CM -l 
1000 400 
Fig. 21 FT-IR PAS spectrum of the outdoor side of patinated sample obtained 
with the OPD velocity of0.101 cm/s (right scale) and the mean power 
index < n > spectra of the dependence PA signal ~ f n calculated with 
the use of the OPD velocities from 0.101 cm/s to 0.253 cm/s (left 
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This wavenumber dependence of n indicates that our sample is optically transparent and 
thermally thin at the most intensive absorption bands. It can be also stated that in the case 
of the patinated sample we are far from the photoacoustic saturation which occurs for 
optically opaque and thermally thick solids and is characterized by n = - 1.5 [45]. Note, 
that inspite of the fact that in these high absorption regions the PA signal also depends on 
the thermal properties ofthe backing material (Cu) its influence is not significant. 
In centrast to the previous case, in the low absorption region (2800 cm-1 - 2000 
cm-1) an optically opaque and thermally thick Cu backing dominates in the formation of 
the PA signal which result in another frequency dependence with n = - 1. 5. 
With increasing the OPD velocity u (and the modulation frequency /) the ratio J,llf 
changes permanently from J,llf < 1 at low OPD velocities: 0.101-0.190 cm/s to J,llf- 1 at 
high OPD velocities: 0.253-0.475 cm/s (Table I). Corresponding variations in the mean 
power index < n > calculated for these two characteristic regions of u can be clearly seen 
in Fig.22. 
The mostintensive peak at 3401 cm-1 shows the changes in power index from < n 
> = - 1. 05 at low u to < n > = - 1.15 at high OPD velocities. Further increase in u ( above 
0.475 cm/s) will result in the case of the thermally thick sample J,llf > 1 which is 
characterized by < n > = - 1.5 (eq.(8)). This dependence of < n > on the modulation 
frequency is evident from the slope changes in Fig. 20(a) with increasing the OPD 
velocity. 
Let us note the difference between the frequency dependence of < n > for the 
peaks at 3591 cm-1 and 3568 cm-1 with respect tothat for the peak at 3401 cm-1 (Fig.22). 
As it can be stated from the comparison of two curves behaviour in the region of 
fundamental vibrational frequencies of OH between 3600 cm-1 and 3200 cm-1, at high 
values of u the power index n drops drammatically for the two first OH bands reaching 
the value of < n > =- (1.25+ 1.30). 
In addition, the form of the power index spectrum no more follows that of the FT-
IR PAS as these two OH peaks are absent in the right-hand curve of Fig.22. This is 
probably due to the difference in cristalline structure of brochantite CU4(0H)6S04 along 
the depth of the patina layer resulting in decrease of the relative intensities of free non-
hydrogen bonded OH lines usually identified ~s OsH and 06H, respectively [46]. 
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Fig.22 The mean power index < n > spectra for the outdoor side of patinated 
sample calculated with the use ofthe OPD velocities from 0.101 crnls 
to 0.253 crnls (left scale) and from 0.190 crnls to 0.475 cm/s (right 
scale). Note the right and left scales displacement. 
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3.3.3 Spectral resolution 
We also noted that in some cases the power index < n > spectrum shows better peaks 
resolution than the normal FT-IR spectrum (Fig.23). It may be due to better sensitivity of 
n to the changes in ll and ß and, correspondingly, in the regime ofthe PA signal formation 
compared tothat ofthe PA amplitude. 
This advantageous feature of the power index method allows to resolve even the 
peaks which arenot seen in the FT-IR PAS spectrum. As an example, the < n > spectrum 
in Fig.21 shows the presence of several peaks between the most intensive OH bands 
discussed above. These peaks have been identified to be due to another patina 
components - antlerite Cu3(0H)4S04 and copper (II) nitrite CU4(0H)6(N03)2 (see also 
next section). 
Having based on the results discussed above we concluded that the application of 
this simple method of the FT -IR data presentation Ieads to the additional important 
information which can not be obtained by using the standard FT-IR PAS data processing 
procedure. We used this method in the following spectroscopic analysis of the patina. 
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Fig.23 The mean power < n > spectrum for the outdoor side of patinated 
sample calculated with the use of low OPD velocities: 0.101-0.139 
cm/s (left scale) and the FT-IR spectra recorded at OPD velocity of 
0.101 cm/s in the region of sulfate internal optical mode frequencies 
(v3 region). The < n > spectrum shows more clearly the fine structure 
of the broad peak from 1160 cm -1 to 1080 cm -1. 
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3.4 FT-IR PAS Spectra For the Outdoor 
Patina Layer 
3.4.1 OH absorption 
In two following sections we present the results of the FT -IR PAS method application to 
the identification of the main patina components on both the outdoor and indoor sides of 
our samples. For these purposes we used 4 cm-1 resolution spectra collected over 1024 
scans at different OPD velocities. 
Figure 24 shows the FT-IR PAS spectra measured on the outdoor side of 
patinated sample. As it can be clearly seen from this figure there are three characteristic 
absorption regions: 
• OH absorption region (3600-2800 cm-1), 
• intermediate absorption region close to water-vapour bands (1500-1300 cm-1) 
• characteristic S04 absorption region (1200-400 cm-1). 
We used the OPD velocities range up to 1.27 cm/s as further increase in u result in 
the FT-IR PASsignal too weak tobe detected by our experimental set up. 
Inspite of the fact that before each measurement we purged the PA cell with the 
sample by dry nitrogen some traces of atmospheric C02 are still present on the FT -IR 
PAS spectra (the peak at 2200 cm-1). The intensity ofthe water-vapour bands near 1600 
cm-1 has been decreased by a factor, of 3 by using the purging procedure. The absorption 
bands in this region are due to the water-vapours remain in the patina layer characterized 
by very high porosity [ 4-11]. 
For the following analysis we divided the whole spectral range into three parts 
regarding to the absorption character. 
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Fig.24 FT-IR PAS spectra of the outdoor side of patinated sample obtained 
with the use of the following OPD velocities: 0.139 cm/s (a), 0.190 
cm/s (b), 0.253 cm/s (c), 0.316 cm/s (d), 0.475 cm/s (e), 0.633 cm/s (f) 
and 1.27 cm/s (g). Spectral resolution: 4 cm-1. 
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The shape of the FT-IR PAS spectra in OH absorption region is quite similar to that of 
brochantite CU4(ÜH)6S04 and two other basic copper sulfates: CU4(ÜH)40S04 and 
antlerite Cu3(0H)4S04. The fundamental vibration frequencies for OH were found to 
occur over the range 3600-3200 cm·1 depending on the degree ofH-bonding. 
Figure 25(a) shows a clearly resolved multiple structure in the spectrum of the 
outdoor patina layer indicating the three distinct classes of hydroxyl groups known to 
exist in the brochantite [46] CU4(0H)6S04. In order to increase the peaks resolution we 
also used the power index spectra calculated by using the low OPD velocities (Fig. 25(b)). 
The sharp peaks at 3590 and 3570 cm"1 obtained on the normal FT-IR PAS 
spectra and repeated on < n > spectrum at low OPD velocities are close to that reported 
earlier by Secco [46] for brochantite CU4(0H)6S04: 3596 and 3572 cm·1, respectively. 
They are assigned to free non-hydrogen bonded OH. The slightly broader band centred at 
3395 cm"1 with fine structure is consistent with the different degrees ofhydrogen bridging 
[46]. 
The results of the same analysis of different OH frequencies performed for other 
most common patina components - copper sulfate [46] Cl4(ÜH)40S04, antlerite [46] 
Cu3(0H)4S04, copper (II) nitrite [47] Cl4(0H)6(N03)2 and copper carbonate [48] 
Cu2C03(0H)z·H20- are presented in Table II. 
The following characteristic bands which are different from that of brochantite 
Cl4(0H)6SÜ4 were found for two other basic copper sulfates: the OH stretching 
frequency of 3488 cm·1 and the free OH band at 3580 cm"1 for antlerite Cu3(0H)4S04; 
and the dehydroxylated frequency at 3186 cm-1 for copper sulfate Cl4(0H)40S04. 
For the copper (II) nitrite CU4(0H)6(N03)2 we recorded the fundamental OH 
frequencies 3551 cm"1, 3475 cm·1 and 3415 cm·1. The third of them is close to the 
corresponding OH frequency ofbrochantite CU4(0H)6S04. 
The presence of copper carbonate Cu2C03(0H)2·H20 was identified by the weak 
absorptionband at 3320 cm·1 as another characteristic band at 3410 cm-1 is close tothat 
ofbrochantite CU4(0H)6S04 and copper (II) nitrite CU4(0H)6(N03)2 (Table 11). 
Figures 25(b) and 25( c) illustrate the changes in frequency dependence of different 
peaks in OH absorption region. As it has been noted earlier, the power index < n > for the 
two first non-hydrogen bonded OH bands drops significantly reaching the value of < n > = 
-1. 5 at high OPD velocities ( thermally thick sample) while for other bands it remains at the 
Ievel of< n > = -1.4. 
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Fig.25 FT -IR spectrum of the outdoor side of patinated sample recorded at 
OPD velocity of 0.139 cm/s in the region of OH absorption (a) and the 
mean power < n > spectra calculated with the use of low OPD 
velocities: 0.139-0.190 cm/s (b) and high OPD velocities: 0.633-1.27 
cm/s (c). 
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Table li 
Identification of the IR frequencies (cm-1) of the outdoor side of patinated sample 
measured by using the FT-IR PAS for region 3600-3200 cm-1. 
Patina Brochantite• 












a From Ref 46. 
bFrom Ref 47. 






Copper sulfate• Copper (II) nitriteb Copper carbonate• 










* Frequencies obtained from the power index < n > spectra at low OPD velocities (0.139-
0.190 cm/s). 
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This fact verified several times allowed us to conclude the inhomogeneity in OH-
containing substances depth distribution and/or depth changes in their crystalline structure 
resulting in variation in the thermal diffusivity. 
3.4.2 Intermediate absorption region 
The FT-IR PAS spectrum and the power index spectrum in this region are presented in 
Fig.26. We recordered several peaks corresponding to azurite Cu2(C03)2(0H)2 at 1419 
cm-I, precipitated cupric carbonate CuC03 at 1395 cm-1 and malachite Cu2C03(0H)2 at 
1388 cm-1. 
Thesebandsare in good agreement with those measured by Nassau et al. [9] for 
the same minerals by using ordinary IR transmission spectra: 1416 cm-1 , 1400 cm-1 and 
1391 cm-1, respectively. 
The mostintensive peak in this region situated at 1375 cm-1 has been mentioned in 
previous studies [9] but remained unidentified. We suggest the presence of copper (li) 
fluoride CuF2·xH20 which has strong absorption band [48] at 1375 cm-1. This patina 
component can be present due to different atmospheric particles incorporated into copper 
patina. 
In addition to the FT-IR PAS spectrum, the power index spectrum (Fig. 26(b)) 
shows the presence of two clearly resolved peaks at 1320 cm-1 and 1347 cm-1 which we 
arenot able to identify. 
The form of the < n > spectrum follows that of the FT-IR PAS and the mean value 
< n > = -1.4 indicates the regime close to optically opaque and thermally thick sample due 
to the presence of Cu backing. 
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Fig.26 FT -IR spectrum of the outdoor side of patinated sample recorded at 
OPD velocity of 0.139 cm/s in the intermediate absorption region (a) 
and the mean power < n > spectrum calculated with the use of low 
OPD velocities: 0.139-0.190 cm/s (b). 
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3.4.3 804 absorption 
In this region the generat form ofthe FT-IR PAS spectra shown in Fig. 27(a) is similar to 
that of brochantite [46] Ct4(0H)6S04 with a lot of additional features due to the 
presence of another patina components. In this S04 absorption region we recorded 3 3 
peaks both using the FT-IR PAS and the power index spectra. The results of the IR 
frequencies identification are presented in Table III. 
Except of brochantite Ct4(0H)6S04, we found the presence of copper sulfate 
Ct4(0H)40S04 (identified by the individual characteristic absorption bands at 1140 cm-1 
and 550 cm-1), antlerite Cu3(0H)4S04, copper oxysulfate Cu302S04, copper (II) nitrite 
Ct4(0H)6(N03)2 and basic cupric carbonate Cu2C03(0H)2·H20 (Table III). 
The power index < n > spectrum calculated for the low OPD velocities (Fig. 11 b) 
follows the shape of the normal FT-IR PAS spectrum and fluctuates between < n > = -1. 1 
and < n > = -1.2. As it has been noted above (Sect. 2) this wavenumber dependence of < n 
> indicates that our sample is optically transparent and thermally thin in this region. 
It should be pointed out that the above analysis is not complete as we identified 
only the most common components of the patina. Several peaks both in the normal FT-IR 
PAS spectrum and in power index < n > spectrum remain unidentified. They are due to 
the presence of other patina components which number can reach 70 according to Graedel 
et al. [4]. 
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TableiD 
Identification of the IR frequencies (cm-1) of the outdoor side of patinated sample 
measured by using the FT-IR PAS for region 1150-400 cm"1• 
Patinated Brochantite" Copper Antlerite" Copper Copper (II) Basic cupric 
sarnple sulfate" oxysulfateb nitrite0 carbonated 
C114(0H)6S04 C114(0H)40S04 Cu1(0H)4S04 Cu102S04 C114(0H)6(N03)2 Cu2C01(0H)2H20 
1141 1140 
1123 1123 
1119 1117 1120 
1096 1096 
1050 1050 1050 
989 990 988 
947 945 945 
890 890 
882 878 880 878 880 
851 850 850 850 
818 817 
809 807 809 
797 796 
781 780 779 780 
752 750 750 
668 670 666 668 667 
649 648 
641 640 640 640 642 
631 630 630 630 
608 608 




513 513 514 
509 510 
485 485 484 
471 470 470 




421 420 420 420 
a From Ref. 46; b From Ref. 49; c From Ref. 47; d From Ref. 48. 
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Fig.27 FT -IR spectrum of the outdoor side of patinated sample recorded at 
OPD velocity of 0.139 cm/s in the region of S04 absorption (a) and the 
mean power < n > spectrum calculated with the use of low OPD 
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3.5 FT-IR PAS Spectra For the Indoor 
Patina Layer 
The FT-IR PAS spectra for OH and S04 absorption regions obtained on the indoor side 
of patinated sample are presented in Figs. 28 and 29, respectively. 
The PA signal was very weak for this indoor side due to low optical absorption 
which is at least 10 times lower than that for the outdoor side. Based on the FT-IR spectra 
recorded at low OPD velocities we found the presence of brochantite CU4(0H)6S04, 
antlerite Cu3(0H)4S04, and, possibly, basic cupric carbonate Cu2C03(0H)2·H20. These 
components are typical for the initial patina layer grown in marine atmosphere [10]. We 
were not able to perform more precise bands identification due to the low signal-to-noise 
ratio in these spectra. 
We also noted the presence of several unidentified peaks at 2900 and 2800 cm-1 
which appear both on the outdoor and indoor sides of our patinated sample (Figs. 19 and 
24). Thesepeaksare more pronounced on the indoor side and are supposed tobe due to 
the organic components of the patina. 
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Fig.28 FT -IR PAS spectra of the indoor side of patinated sample in the region 
of OH absorption obtained with the use of the following OPD 
velocities: 0.101 crnls (a), 0.139 cm/s (b), 0.190 crnls (c), 0.253 crnls 
(d), 0.316 cm/s (e) and 0.475 cm/s (f). Spectral resolution: 4 cm-1. 
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Fig.29 FT-IR PAS spectra of the indoor side of patinated sample in the region 
of S04 absorption obtained with the use of the following OPD 
velocities: 0.101 cm/s (a), 0.139 cm/s (b) and 0.190 cm/s (c). Spectral 
resolution: 4 cm-1. 
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Summary to Chapter 3 
We have presented in this Chapter the results of the FT-IR PAS technique application in 
natural copper patina analysis. It has been shown that this method is a useful tool for 
nondestructive testing of these corrosion layers allowing to obtain quantitative important 
information about the patina layer components and structure. 
By using this FT-IR PAS method we have identified about 10 different patina 
components including some new components such as copper (II) fluoride CuF2xH20 
which have been not detected previously in the patina. 
The depth profiling capability of the FT -IR PAS method allowed us to determine 
the degree of photoacoustic saturation of the spectral bands and the depth distribution of 
the patina components. A new power index method has been proposed for these purposes. 
Based on the results obtained we concluded that the FT-IR PAS technique 
compares favourably with more common approaches of patina examination which are 
more expensive, usually destructive and requires special sample preparation. 
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Conclusions 
We described in the present work the results of the application of modern nondestructive 
photothermal and photoacoustic methods to study of one of the important environmental 
samples - copper protective corrosion layer (patina). Two different experimental 
techniques were used for these purposes: the photothermal beam deflection (PBD) 
method and Fourier transform infrared photoacoustic spectroscopy (FT-IR PAS). 
A new photothermal approach in the sturlies of patinated copper layers was 
proposed. A noncontact and nondestructive PBD method was used for the 
characterisation of thermal properties of patinated copper samples from the roof of the 
Stockholm City Hall. Quantitative measurements ofthermal diffusivity and layer thickness 
performed on both the outdoor and indoor sides of patinated samples show a significant 
difference in their thermal properties. Photothermal images obtained for both sides of 
patinated samples were used for the analysis of patina layer surface morphology and the 
microstructure of includings. 
The FT-IR PAS has proved to be a useful tool for nondestructive testing of the 
patina. By using this method we have identified about 10 different patina components 
including some new components such as copper (II) fluoride CuF2xH20 which have been 
not detected previously in the patina. The depth profiling capability of the FT -IR PAS 
method allowed us to determine the degree of photoacoustic saturation of the spectral 
bands and the depth distribution of the patina components. A new power index method 
was proposed for these purposes. 
Based on the results obtained we concluded that photothermal methods are very 
useful experimental techniques allowing to obtain important quantitative information in 
such studies. These methods thus compare favourably with more common approaches of 
environmental samples examination which are usually more expensive, destructive and 
requires special sample preparation. 
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Appendix 
A.1 A portable PBD-device for in-field 
measurements 
71 
As it has been shown in the previous Chapters, the photothermal methods are very useful 
tools for non-destructive and non-contact testing of environmental samples. Their 
sensitivity and relative simplicity allows researchers to perform quantitative express-
analysis of the samples without any sample pre-treatment while the application of other 
traditional techniques requires special sample preparation. Further development of the 
photothermal methods application in such sturlies Ieads to the necessity of small portable 
device for in-field measurements. In addition to non-destructive and non-contact character 
of the photothermal methods such a device should be able to perform several important 
sturlies "in vivo ", i.e. without removal the sample from its historical place. 
Figure 30 presents a schematic diagram of the measuring head (MH) of the 
proposed PBD-method based device for in-field measurements. The main parts of this MH 
are the same as in traditional laboratory PBD set up except of the system of the probe 
beam deflection amplification (50] based on the cylindrical mirror of defined diameter and 
the system of the probe beam deflection measurements [51]. The latter is based on four 
glass tubes coupled together and centred with respect to undeflected probe beam. The 
probe beam deflection will alter the light intensity in each tube which can be detected 
easily by using the system of four simple photodetectors installed in the data processing 
unit. 
Several important features ofthis device should be considered: 
• This MH is purely noncontact from the physical point of view. Only a small surface 
(about 0.8 cm2) mechanical contact ofthe MH with the sample is needed. 
• The MH contains only a very chip mechanical and optical parts without any electronics 
due to the special modern design of the system of the probe beam deflection detection. 
This fact allows to use the MH in any environments even containing high intensity 
electrical and magnetic fields, dangerous gases, etc. In addition, these circumstances 
reduce the prise for the MH unit and, correspondingly, for the whole device. 
• This MH can be placed as far as it is needed from the data processing unit by using the 











Fig. 30 A schematic diagram of the measuring head of the proposed portable 
device for in-field measurements based on the PBD method physical 
principles. 
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Fig.27 FT-IR spectrum of the outdoor side of patinated sample recorded 
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